• Question: Did perioperative fentanyl induced any behavioral or molecular changes in spinal cord, dorsal root ganglia (DRG), and cerebrospinal fluid in rats? • Findings: An increased expression of proinflammatory cytokines including interleukin-1β, interleukin-6, and tumor necrosis factor-α in the spinal cord and bilateral DRG, and activation of microglia in spinal cord in a rat model of plantar incision with or without perioperative fentanyl.
• Meaning: The findings suggest that increased expression of proinflammatory cytokines including in the spinal cord and bilateral DRG, and activation of microglia in the spinal cord, may contribute to the development and maintenance of mechanical and thermal hyperalgesia induced by fentanyl and/or incision, which provide a new insight into the treatment of opioidinduced hyperalgesia or postsurgical pain. R epeated and/or prolonged administration of opioids has been clearly demonstrated to induce abnormal pain or hyperalgesia paradoxically in human and animal models. 1 A series of studies have also indicated that perioperative opioids are associated with a significant increase in acute pain after surgery, opioidinduced hyperalgesia (OIH), and prolongation of postoperative pain. [2] [3] [4] BACKGROUND: Perioperative fentanyl has been reported to induce hyperalgesia and increase postoperative pain. In this study, we tried to investigate behavioral hyperalgesia, the expression of proinflammatory cytokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), and the activation of microglia in the spinal cord and dorsal root ganglion (DRG) in a rat model of surgical plantar incision with or without perioperative fentanyl. METHODS: Four groups of rats (n = 32 for each group) were subcutaneously injected with fentanyl at 60 μg/kg or normal saline for 4 times with 15-minute intervals. Plantar incisions were made to rats in 2 groups after the second drug injection. Mechanical and thermal nociceptive thresholds were assessed by the tail pressure test and paw withdrawal test on the day before, at 1, 2, 3, 4 hours, and on the days 1-7 after drug injection. The lumbar spinal cord, bilateral DRG, and cerebrospinal fluid of 4 rats in each group were collected to measure IL-1β, IL-6, and TNF-α on the day before, at the fourth hour, and on the days 1, 3, 5, and 7 after drug injection. The lumbar spinal cord and bilateral DRG were removed to detect the ionized calcium-binding adapter molecule 1 on the day before and on the days 1 and 7 after drug injection. RESULTS: Rats injected with normal saline only demonstrated no significant mechanical or thermal hyperalgesia or any increases of IL-1β, IL-6, and TNF-α in the spinal cord or DRG. However, injection of fentanyl induced analgesia within as early as 4 hours and a significant delayed tail mechanical and bilateral plantar thermal hyperalgesia after injections lasting for 2 days, while surgical plantar incision induced a significant mechanical and thermal hyperalgesia lasting for 1-4 days. The combination of fentanyl and incision further aggravated the hyperalgesia and prolonged the duration of hyperalgesia. The fentanyl or surgical incision upregulated the expression of IL-1β, IL-6, and TNF-α in the spinal cord and bilateral DRG for more than 7 days and increase of ionized calcium-binding adapter molecule 1 in the spinal cord. The combination of fentanyl and incision resulted in higher increase of IL-1β, IL-6, and TNF-α in the spinal cord and bilateral DRG. Recent systematic reviews suggested that perioperative OIH was mainly associated with the use of a high dose of remifentanil, but the correlation was less clear for other opioids, such as fentanyl and sufentanil, because of limited data. 2, 3 The authors recognized that cumulative dose, duration administration, and modality of withdrawal may be possible determinant factors of remifentanil-induced hyperalgesia. 2, 5 Although the mechanism that underlies remifentanil-induced hyperalgesia has not been completely understood, much evidence suggests that the activation of glutamatergic system or N-methyl-d-aspartate receptors in the central nervous system plays an important role. 2, 6 In addition, recent evidence indicates that the activation of spinal glia and immune system is also essential for the development of OIH. 4, 7, 8 Remifentanil is a short-acting opioid widely administered during surgery due to its characteristics of rapid onset, predictable rapid recovery profile, and dosing reliability. Meanwhile, long-acting opioids such as fentanyl are also often used during surgery. In animal models, fentanyl was clearly demonstrated to induce hyperalgesia and increase postoperative pain. 9, 10 Interestingly, relatively recent human trials demonstrated a higher dose of fentanyl-induced hyperalgesia from 4.5 to 6.5 hours in healthy volunteers. 11 However, to the best of our knowledge, few studies have investigated the interaction of surgery and perioperative fentanyl on hyperalgesia, although some studies indicated that remifentanil or fentanyl could aggravate surgical incision-induced hyperalgesia in mice or rats.
12, 13 Heinl et al 14 demonstrated that pronociceptive mechanisms of OIH by remifentanil, fentanyl, and morphine were differential because of their different pharmacological characteristics. Therefore, further study needs to further explore the reason for perioperative fentanyl-induced hyperalgesia. Given that the activation of spinal glia and upregulation of proinflammatory cytokines are critical in the development of OIH, 4, 7, 8 the present study aimed to investigate hyperalgesia interaction, the changes of spinal and dorsal root ganglion (DRG) immune system, and proinflammatory cytokines in a rat model of surgical incision with or without perioperative fentanyl.
METHODS Animals
This study obtained the approval of the Institutional Laboratory Animal Care and Use Committee of the Sun Yat-sen University and was performed according to the guidelines of the Physiological Society of China regarding the care of experimental animals. All experiments were performed on adult male Sprague Dawley rats (200-250 g, purchased from Sun Yat-sen University). The animals were housed in 4 per cage under a 12-hour light/dark cycle, 25°C ± 2°C in a specific pathogen-free environment. Food and water were available at any time. All rats were marked with picric solution and randomly assigned into 4 groups (n = 32 rats), including normal saline (NS), fentanyl (F), incisional (I), and fentanyl plus incisional (FI).
Medication and Measurement Protocol
Four groups of Sprague Dawley rats, as described above, received subcutaneous injection of fentanyl (60 µg/kg) or NS in a volume of 1.2 mL/kg for 4 times with 15-minute intervals, referred to previous study. 10 Behavioral tests, as described below, were performed daily for 11 days (D −4 to D −1 , D1-D7) and at hours 1, 2, 3, and 4 (H1, H2, H3, H4) after fentanyl or saline injection on the treatment day. The 3-day behavioral tests before treatment (D −4 to D −2 ) were performed for rats to be habitual to equipment and environment. The values on day 1 before treatment were recorded as baseline values. All behavioral tests were performed by a single investigator blinded to the treatment groups. Each test (between 9:00 and 14:00) was repeated 3 times with 3-minute intervals to get an average as the final value. The lumbar spinal cord (L3-L6), both sides of DRG (L3-L6), and cerebrospinal fluid (CSF) were collected on D −1 , H4, D1, D3, D5, and D7 to examine the expression of interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). The lumbar spinal cord (L4) and both sides of DRG (L4) were removed after being perfused with 4% paraformaldehyde on D −1 , D1, and D7 for immunofluorescence assay (Figure 1 ).
Surgery
Rats in groups I and FI were anesthetized with 1.5%-2% isoflurane (Jiupai company, Hebei, China) delivered via a nose cone. After skin degeneration, a 1-cm incision was made through the skin, fascia, and muscle of the plantar aspect of the left hind paw. The incision was started at 0.5 cm from the proximal edge of the heel and extended to the toes, as described previously.
15 A 4-0 silk was used to suture the skin after the wound was pressed with a cotton swab to stop bleeding. All incisions were made after the second injection.
Behavior Tests
Tail Pressure Test. Tail pressure test was performed as described previously. 16, 17 An electronic device (ZH-YLS-3E, Anhui Zhenghua Company, China) was used to evaluate mechanical nociceptive thresholds (MNTs). The rat was fixed in a cylindrical fixing device and a marker was made at 10 cm from the tail tip. The marked part of the tail was put on the platform where a plastic wedge above provided the pressure on the surface of the tail. The pressure was stopped and the value was recorded if the rat flicked the tail, screamed, or struggled. A cutoff was set at 600g to avoid tissue damage.
Thermal Test. The thermal test was performed as described previously. 18 Briefly, a Plantar Analgesia Meter (IITC Life Science Inc, Woodland Hills, CA) was used to evaluate thermal nociception. The rat was put in a plexiglass box on a glass plate. A beam of light passed through the glass to the sole near to toes ipsilateral and contralateral to surgical site. The intensity of the beam was set at 30W and the diameter was 5 mm. The paw withdrawal latency (PWL) was recorded as the length of time between the onset of the light beam and paw withdrawal. The 20-second cutoff time was set to avoid tissue damage.
Enzyme-Linked Immunosorbent Assay
CSF and the lumbosacral enlargement of the spinal cord (L3-L6) and both sides of DRG (L3-L6) were collected and all DRGs were divided into left and right halves. Each tissue sample was homogenized and centrifuged with icy phosphate-buffered saline (PBS; weight/volume ratio: 1 mg/10 μL), and the supernatants were removed for immediate use. The amounts of IL-1β, TNF-α, and IL-6 were assayed using commercially available rat-specific ELISA kits (Yikesai, Shanghai, China) in accordance with the manufacturer's instruction. The optical density (value) of each well was determined using a microplate reader set to 450 nm within 10 minutes.
Because the amount of CSF was insufficient for detection of the 3 cytokines, we finally detected IL-1β and TNF-α involved in pain. 19 
Immunofluorescence
Increased microglial activity is evidenced by a profound shift in morphology and upregulation of ionized calciumbinding adapter molecule 1 (Iba1) that can be easily visualized using immunofluorescence. 20 Perfused spinal cord (L4) and bilateral DRG (L4) were sectioned into 5 μm coronal sections. Three sections were sectioned per 1 tissue sample. Briefly, sections were rinsed extensively in PBS for 3 times followed by a 10-minute fixation in 4% paraformaldehyde. The tissue was then incubated in a primary antibody solution (rabbit anti-Iba 1 1:1000; wako 019-19741) in PBS for 24 hours at 4°C. After being rinsed with PBS, the tissue was incubated for 1 hour in a secondary antibody (biotinylated immunoglobulin G goat antirabbit 1:600), rinsed with PBS, and then incubated for 1 hour. After being rinsed in PBS, the tissue was then incubated in 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (Beyotime, Shanghai, China) for 10 minutes. The intensity of fluorescence was analyzed using Image J (National Institutes of Health, Bethesda, MD) analysis software.
Statistical Analysis
All data were presented as mean ± standard deviation. SPSS for Windows 16.0 (SPSS Inc, Chicago, IL) was used for statistical analysis. Changes in continuous variables over time were analyzed with repeated-measures analysis of variance, followed by the Tukey's test. Difference among groups at each time point and difference among multiple time points in each group were analyzed with analysis of variance and the Tukey's test. The paired-samples t test was used to assess paired comparisons values (incised ipsilateral site versus contralateral site). The criterion for statistical significance was P < .05. Data points in each group at each time point outside the scope of mean ± 3 standard deviation were considered to be apparent outliers and were excluded before statistical analysis.
RESULTS

Fentanyl and/or Incision Induced Mechanical and Thermal Hyperalgesia in Rats
The changes in MNTs induced by fentanyl and/or incision are shown in Figure 2A . No statistically significant difference of MNTs was observed among the 4 groups on D −1 (1-way analysis of variance; P > .05) and for days (D0-D7) after NS injections in the control (NS) group (1-way analysis of variance; P > .05). A significant mechanical antinociceptive effect, as evidenced by a significant increase of the MNTs in tail pressure test, was observed at hours 1, 2, and 3 in group F and group FI after subcutaneous injections of fentanyl. On the contrary, a significant mechanical hyperalgesia, as evidenced by a significant decrease of the MNTs in tail pressure test, was observed on days 1-3 after fentanyl injections. The decrease of MNTs in group FI sustained for 3 days (D1-D3), while that in group F sustained for 2 days (D1 and D2). Furthermore, the values of MNTs in group F on days 1 and 2, and those in group FI on days 1-3, were significantly lower than those in the control group (P < .05 by the Tukey's test). These results indicated that the mechanical hyperalgesia in group FI was longer than that in group F. Additionally, the values of MNTs were significantly lower in group FI than those in group F on D3 (P < .05 by the Tukey's test). In brief, the above results suggested that mechanical hyperalgesia induced by perioperative fentanyl and surgery was more severe than that induced by fentanyl only. Similarly, the decrease of MNTs in group FI, which sustained for 3 days (D1-D3), was longer than that in group I, which sustained for 1 day (D1). The values of MNTs were significantly lower in group FI than those in group I on days 2-4 (P < .05 by the Tukey's test). These results indicated that perioperative fentanyl aggravated postoperative mechanical hyperalgesia induced by surgery.
The changes in thermal nociceptive latencies ipsilateral to surgical site (shown as PWLs) induced by fentanyl and/ or incision are shown in Figure 2B . Similar to tail pressure tests, a significant decrease of the PWLs in paw withdraw test was observed on days 1-5 after fentanyl injections. The thermal hyperalgesia in group FI lasting for 5 days (D1-D5) was longer than that in group F lasting for 2 days (D1 and D2). Further, the values of PWLs in group FI were significantly lower than those in group F on days 2-6 (P < .05 by the Tukey's test). These results suggested that ipsilateral thermal hyperalgesia induced by perioperative fentanyl 
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Hyperalgesia Induced by Perioperative Fentanyl and surgery was more severe than that induced by fentanyl only. In group I, the PWLs significantly decreased at third and fourth hours and on D1-D4 after surgery and saline injection. The values of PWLs in group FI were significantly lower than those in group I on days 1-3 (P < .05 by the Tukey's test). These results indicated that perioperative fentanyl aggravated postoperative ipsilateral thermal hyperalgesia induced by surgery.
Interestingly, we found that the extent and duration of PWL decrease in contralateral sites ( Figure 2C ) were similar to those in ipsilateral sites ( Figure 2B ) in groups F, I, and FI. However, the thermal hyperalgesia demonstrated in contralateral sites lasting for 4 days (D0-D3) was shorter than that in ipsilateral sites lasting for 5 days (D0-D4) in group I. Again, values of PWLs in ipsilateral sites were significantly lower than those in contralateral sites on days 1 and 2 in group I and on days 1 and 3 in group FI after surgery (P < .05 by paired-samples t test). These results indicated that the thermal hyperalgesia in contralateral sites was weaker than in ipsilateral sites in groups I and FI.
Fentanyl and/or Incision Induced the Increase of Proinflammatory Cytokines in Spinal Cord and Bilateral DRG
The expressions of IL-1β (Figure 3 ), IL-6 (Figure 4) , and TNF-α ( Figure 5 ) in spinal cord and bilateral DRG were determined on the day before, at hour 4, and on days 1, 3, 5, and 7 after fentanyl or saline injections. The levels of IL-1β, IL-6, and TNF-α in the spinal cord and bilateral DRG in the control (NS) group and the levels of IL-1β and TNF-α in CSF in 4 groups of NS, F, I, and FI did not change following time course. However, the levels of IL-1β significantly increased in spinal cord on days 1 and 3 in groups F and I, on days 1, 3, 5, and 7 in groups FI compared to baseline, and on days 1, 3, 5, and 7 in groups F, I, and FI, compared to the control group (P < .05 by the Tukey's test). It significantly increased in both sides of DRG in groups F, I, and FI on days 1, 3, 5, and 7 after fentanyl or saline injections, compared to the baseline and the control group (P < .05 by the Tukey's test).
Furthermore, the levels of IL-1β in group FI were significantly higher than those in group F on day 1 after fentanyl injection in spinal cord, higher than those in group F on days 1, 3, 5, and 7, higher than those in group I on days 1 and 5 after fentanyl injection in ipsilateral DRG, and higher than those in group F on day 1 after fentanyl injection in contralateral DRG (P < .05 by the Tukey's test). These results indicated that intraoperative fentanyl and surgery induced a higher increase of IL-1β in spinal cord and bilateral DRG than fentanyl only, and induced higher increases of IL-1β in ipsilateral DRG than surgery only.
Additionally, the levels of IL-1β in ipsilateral DRG were significantly higher than those in contralateral DRG on day 3 in group I, on days 1, 3, 5, and 7 in group FI (P < .05 by paired-samples t test). These results indicated that surgery only or surgery and intraoperative fentanyl induced a higher increase of IL-1β in ipsilateral DRG than in contralateral DRG.
Similarly, the levels of IL-6 significantly increased in spinal cord in groups F, I, and FI on days 1, 3, 5, and 7 and after fentanyl or saline injections, compared to the baseline and the control group (P < .05 by the Tukey's test). It significantly increased on days 3, 5, and 7 in groups F and I and on days 1, 3, 5, and 7 in group FI in ipsilateral DRG, significantly increased on days 3, 5, and 7 in groups F, I, and FI in contralateral DRG compared to baseline (P < .05 by the Tukey's test). The levels of IL-6 were significantly higher on days 1, 3, 5, and 7 in groups F and FI and on days 1, 3, and 5 in group I in bilateral DRG compared to control group (P < .05 by the Tukey's test).
Furthermore, the levels of IL-6 in group FI were significantly higher than those in group F at hour 4 and on day 1, and higher than those in group I on day 1, after fentanyl injection in ipsilateral DRG (P < .05 by the Tukey's test). The levels of IL-6 in group FI were significantly higher than those in group F on day 1 after fentanyl injection in contralateral DRG (P < .05 by the Tukey's test). These results indicated that intraoperative fentanyl and surgery induced a higher increase of IL-6 in bilateral DRG than fentanyl only and induced a higher increase of IL-6 in ipsilateral DRG than surgery only.
Similarly, the levels of TNF-α significantly increased in spinal cord on day 7 in groups F and I, on days 1 and 7 in group FI, increased in bilateral DRG on days 5 and 7 in group F, increased in ipsilateral DRG on days 1, 3, and 7 in group I and on days 1, 3, 5, and 7 in group FI, increased in contralateral DRG on days 1 and 7 in group I and on days Figure 2 . The mechanical and thermal hyperalgesia induced by fentanyl with or without surgical incision in rats. Sprague Dawley rats received subcutaneous fentanyl (60 μg/kg × 4) or normal saline (NS) and/or plantar incision (group NS = the control group; group F = rats received fentanyl only; group I = rats received NS and plantar incision; group FI = rats received fentanyl and plantar incision). Tail pressure threshold (g) (A) and paw withdraw latency (s) of surgical paws (B) and contralateral paws (C) on the day before (D −1 ), at 1, 2, 3, 4 h and on the days 1, 2, 3, 4, 5, 6, 7 after drug injections (D1-D7) are shown as mean ± standard deviation (n = 8).
1, 5, and 7 in group FI after fentanyl or saline injections, compared to the baseline (P < .05 by the Tukey's test). The levels of TNF-α were significantly higher in spinal cord on days 1 and 5 in groups F and I, and on days 1, 3, and 5 in group FI, higher in both sides of DRG on days 3, 5, and 7 in groups F, and on days 1, 3, 5, and 7 in groups I and FI after fentanyl or saline injections, compared to the control group (P < .05 by the Tukey's test).
Furthermore, the levels of TNF-α in group FI were significantly higher than those in group F on day 1 after fentanyl injection in spinal cord, higher than those in group F on days 3, 5, and 7, and higher than those in group I on days 1 and 5 after fentanyl injection in ipsilateral DRG, and higher than those in groups F on day 1 after fentanyl injection in contralateral DRG (P < .05 by the Tukey's test). These results indicated that intraoperative fentanyl and surgery induced a higher increase of TNF-α than fentanyl only in spinal cord and bilateral DRG, and induced a higher increase of TNF-α in ipsilateral DRG than surgery only.
Additionally, the levels of TNF-α in ipsilateral DRG were significantly higher than those in contralateral DRG on day 3 in group FI (P < .05 by paired-samples t test), indicating that intraoperative fentanyl and surgery induced a higher increase of TNF-α in ipsilateral DRG than in contralateral DRG.
Fentanyl and/or Incision Induced the Activation of Microglia in the Spinal Cord
Microglia activity, as evidenced by Iba1 immunoreactivity, was significantly increased in animals that received fentanyl injections and/or plantar incision in the spinal cord ( Figure 6A ). The intensity of Iba1 in the 2 halves of the spinal cord was increased on day 1 in groups F and I, and on days 1 and 7 in group FI (P < .05 by the Tukey's test). There was no significant difference between the each half of the spinal cord (P > .05 by the paired-samples t test). No significant differences among groups and time points were noted in Iba1 immunoreactivity in both sides of DRG ( Figure 6B , C) (P > .05 by the Tukey's test). The expression of interleukin-1β (IL-1β) in the spinal cord, bilateral dorsal root ganglion (DRG), and cerebrospinal fluid (CSF) after treatment of fentanyl and/or surgical incision. Sprague Dawley rats received subcutaneous fentanyl (60 μg/kg × 4) or normal saline (NS) and/ or plantar incision (group NS = the control group; group F = rats received fentanyl only; group I = rats received NS and plantar incision; group FI = rats received fentanyl and plantar incision). Lumbar spinal cord (A), ipsilateral DRG (B), contralateral DRG (C) to surgical sites and CSF (D) of 4 rats were collected in each group. The expression of IL-1β (pg/mg for tissue, pg/mL for CSF) on the day before (D −1 ), at 4 h (H4) and on the days 1, 3, 5, 7 after drug injections (D1, D3, D5, and D7) were detected by enzyme-linked immunosorbent assay. All data are shown as mean ± standard deviation (n = 4). Figure 4 . The expression of interleukin-6 (IL-6) in the spinal cord and bilateral dorsal root ganglion (DRG) after treatment of fentanyl and/or surgical incision. Sprague Dawley rats received subcutaneous fentanyl (60 μg/kg × 4) or normal saline (NS) and/or plantar incision (group NS = the control group; group F = rats received fentanyl only; group I = rats received NS and plantar incision, group FI = rats received fentanyl and plantar incision). Lumbar spinal cord (A), ipsilateral DRG (B), and contralateral DRG (C) to surgical sites of 4 rats were collected in each group. The expression of IL-6 (pg/mg) on the day before (D −1 ), at 4 h (H4), and on the days 1, 3, 5, 7 after drug injections (D1, D3, D5, and D7) were detected by enzyme-linked immunosorbent assay. All data are shown as mean ± standard deviation (n = 4). Figure 5 . The expression of tumor necrosis factor (TNF-α) in the spinal cord, bilateral dorsal root ganglion (DRG), and cerebrospinal fluid (CSF) after treatment of fentanyl and/or surgical incision. Sprague Dawley rats received subcutaneous fentanyl (60 μg/kg × 4) or normal saline (NS) and/or plantar incision (group NS = the control group; group F = rats received fentanyl only; group I = rats received NS and plantar incision, group FI = rats received fentanyl and plantar incision). Lumbar spinal cord (A), ipsilateral DRG (B), contralateral DRG (C), and CSF (D) to surgical sites of 4 rats were collected in each group. The expression of TNF-α (pg/mg for tissue, pg/mL for CSF) on the day before (D −1 ), at 4 h (H4) and on the days 1, 3, 5, 7 after drug injections (D1, D3, D5, and D7) were detected by enzyme-linked immunosorbent assay. All data are shown as mean ± standard deviation (n = 4).
DISCUSSION
The main finding of this study is that surgery and/or fentanyl administration could induce mechanical and thermal nociceptive hyperalgesia and an increase of proinflammatory cytokines including IL-1β, IL-6, and TNF-α in the spinal cord and DRG ipsilateral and contralateral to the surgical site in rats.
The plantar incision usually induces postoperative mechanical allodynia and thermal hyperalgesia in rats. 12, 21, 22 Previous studies also suggested that high doses of fentanyl induced a significant delayed nociceptive hyperalgesia. 10, 12, 23 Our study was consistent with these studies. 10, 12, [21] [22] [23] Further, our study indicated that the extent and duration of hyperalgesia induced by fentanyl and surgery were more severe than that of fentanyl or surgery only, which is also consistent with the previous studies. 12 In the present study, we not only assessed the mechanical hyperalgesia using the tail pressure test but also investigated the thermal hyperalgesia in both ipsilateral and contralateral sites to surgical incision. However, in other studies, the authors assessed the hyperalgesia only in the surgical sites. 12, 13 Astonishingly, the mechanical hyperalgesia by the tail pressure test and thermal hyperalgesia in contralateral sites by the plantar test apparatus were significant and obvious, almost similar to the results in ipsilateral sites. Certainly, the thermal hyperalgesia in contralateral sites was weaker than that in ipsilateral sites. These results suggest that central sensitization may largely be involved in the development of delayed hyperalgesia induced by surgery and/or perioperative fentanyl, considering the tail pressure test which reflects spinal reflex involving both sites of the spinal cord 17, 24 and the significant contralateral hyperalgesia.
In the present study, we also found that IL-1β, IL-6, and TNF-α significantly increased in the spinal cord and bilateral DRG, following fentanyl with or without surgical incision. It has been reported that chronic administration of morphine could activate spinal glia and upregulate TNF-α, IL-1β, and IL-6 in the spinal cord; L5 spinal nerve nerve-injury further enhanced this phenomenon 8 and that perioperative infusion of remifentanil could induce activation of spinal glia and increase of spinal IL-6 and TNF-α. 4 However, to the best of our knowledge, the present study reveals for the first time that acute or short-term fentanyl with or without surgery results in the increase of proinflammatory cytokines including IL-1β, IL-6, and TNF-α in both the spinal cord and bilateral DRG. Interestingly, it was found that a higher expression of IL-1β, IL-6, and TNF-α in spinal cord and bilateral DRG was induced in rats receiving both surgery and fentanyl than in those that received surgery or fentanyl only, and that the increase of IL-1β and TNF-α in ipsilateral DRG were higher than those in contralateral DRG in rats receiving surgery (Figures 3-5 ). These molecular changes highly corresponded to the behavioral manifestation, which indicated an association of increased cytokines in the spinal cord and DRG and hyperalgesia induced by fentanyl and/or incision, and that not only the central but peripheral mechanism has also contributed to the effect at some extent. The mechanism of spinal and/or DRG proinflammatory cytokines involving fentanyl-and/or surgical incision-induced hyperalgesia is unclear. In the present study, we observed the increase of microglia activation ( Figure 6A ) in the spinal cord after fentanyl with or without surgical incision, consistent with the previous studies indicating that opiate could prime glia for activation of toll like receptor 4/Nuclear factor-κB signaling pathway and then enhanced production of proinflammatory cytokines, 7, 25 which may be important for the development and maintenance of hyperalgesia. 4, 25, 26 However, it was unclear what were the possible reasons that caused the increase of cytokines in DRG involving fentanyl and/ or surgical incision as we did not find any evidences of microglia activation in bilateral DRG on days 1 and 7 after drug injection. Previous studies indicated an early increase of glial fibrillary acidic protein in satellite glial cell (indicating activation of astroglia) in DRG after acute morphine injection and in a rat model of chronic constriction injury to sciatic nerve which subsequently contributed to the production of a number of proinflammatory cytokines. 27, 28 Combined with the evidence that there were no differences of microglia activation between both sides of spinal cord in rats receiving surgery with or without fentanyl while the level of IL-1β and TNF-α in the ipsilateral DRG was higher than that in the contralateral DRG, it suggested that other mechanisms, such as astrocyte, neuron, and vascular endothelial cells in DRG, may also contribute to the release or production of proinflammatory cytokines. 29 Furthermore, proinflammatory cytokines have been confirmed to enhance neuronal activity and the abnormal activation of N-methyl-daspartate receptors in the spinal dorsal horn, which may provoke hyperalgesia. 30, 31 Recent evidence also indicates that the upregulated expression of inflammatory cytokines synthesized by DRG neurons and associated glial in the spinal cord can produce changes in the excitability of nociceptive sensory neurons.
31,32 All evidence described above, thus, points to a strong association between an increase of spinal and/or DRG proinflammatory cytokines and hyperalgesia induced by fentanyl and/or surgical incision.
Another interesting finding is that proinflammatory cytokines in the contralateral DRG increased in rats that received surgery only. It is easy to understand that the proinflammatory cytokines may increase in the contralateral DRG, besides in the spinal cord and ipsilateral DRG, in rats that received fentanyl with or without surgery. However, it is unclear why surgery only can induce an increase of proinflammatory cytokines in the contralateral DRG. In the present study, we found that microglia activation similarly increased in both sides of spinal cord in rats that received surgeries only ( Figure 6A ), which may subsequently induce an increase of proinflammatory cytokines. However, we did not find any changes of IL-1 β or TNF-α in CSF following any interventions including fentanyl injection and/or surgery. Thus, we supposed that proinflammatory cytokines that increased in contralateral DRG might be the connection between spinal microglia and DRG by cellular junction or other unclear mechanism rather than proinflammatory cytokines diffused into CSF.
In conclusion, our study found an increased expression of proinflammatory cytokines including IL-1β, IL-6, and TNF-α in the spinal cord and bilateral DRG, and the activation of microglia in spinal cord in a rat model of plantar incision with or without perioperative fentanyl, which may contribute to the development and maintenance of mechanical and thermal hyperalgesia. E 
